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ABSTRACT OF THE DISSERTATION 
The Effect of Tungsten(O.)pentacarbonyl 
on Corrdinated Ligands 
A series of.monosubstituted tungsten.(O)pentacarbonyl 
complexes, lv(Co)
5
L (L = water, hydrogen sulfide, pyrazine, 
pyrimidine, 4,4 1 -bipyridine, 4-cyanopyridine, isonicotinamide, 
and methanol) were. synthesized and characterized. The purpose 
of this project was to determin.e the. effect of the II'( CO) 
5 
moiety on the coordinated ligand, L. 
The visible spectra of the synthesized W(C0) 5L complexes 
typically exhibited a maximum ar.ound 4D-O nm ( E "' 4000). The 
infrared spectra of these complexes exhibited the character-
istic three band pattern 
( -1 -1 "-2070 em , "-1930 em , 
(2A
1 
+ E) in 
-1 ) "-1900 em • 
the carbonyl region 
The pKa 1 s of the 
ligands coordinatsd. to the W{C0) 5 moiety were determined. 
When the ligand.was basic, the pKa of the ligand's conjugate 
acid was determined. The pKa. of water changed from 15.8 to 
4.8 upon coo.rdination. The rest of the .ligand pKa 1 s changed 
in a similar fashion. upon coordination:· from 0. 6 to -0.4 
for coordinated pyrazine; from 1.3 to -0.4 for coordinated 
pyrimidine; from 1.9 to -0.3 for coordinated 4-cyanopyridine; 
and from 4.8 .to -0.7 for coordinated 4,4 1 -bipyridine. The 
effect of the the W(C0)
5 
moiety on coordinated ligands is to 
make the ligands more acidic. This result is explained by 
the presence of strong rr-back bonding between tungsten and 
the carbonyls. 
The methanoltungsten(O)pentacarbonyl complex was very 
labile st room temperature in the presence of acetonitrile. 
The substituion reaction followed the rate law -d{complex}/dt 
= k1 {complex} + k 2 {cH3CN}{complex}. At 24.6°C, k 1 = 1.4 
-3 -1 6 10-2 -1 -1 X 10 sec and k 2 = 3. X M sec • The activation 
parameters were calculated: ~Ht = 9 kcal/mole; ~St = -42 eu; 1 1 
~H1 = 9 kcal/mole; and ~s1 = -34 eu. 
Since the substitution of methanol occurs so readily at 
room temperature, W(Co)
5
(methanol) should be very useful as 
a synthetic intermediate •. The use of this complex would 
avoid the problems involved in direct synthesis of W(Co)
5
L 
complexes such as disubstituted products or bridged binuclear 
complexes. 
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In coordination chemistry the question arises, how does 
the metal center affect the coordinated ligand? One approach 
to answering this question is to study complexes which 
contain a majority of saturated (a-donor) ligands and those 
complexes which contain a majority of unsaturated (rr-acid) 
ligands. 
Taube1 • 2 • 3 and co-workers have studied complexes of the 













0sL 2+ where L ranged from water to rr-acid ligands. 
They looked at the effect of the metal on the pKa of the 
coordinated ligand, L. When the ligand is basic, the 
reported pKa is that. of the conjugate acid of the ligand. 
This convention is followed throughout the dissertation. 




Ru(II) moiety, the 
coordinated water becomes slightly more acidic. Upon 
4 coordination the pKa changes from 15.7 to 13.1. Coordinated 
hydrogen 
changing 
sulfide also becomes more acidic with the pKa 
4 from 7.0 to 4.0. When the ligand is a rr-acid, such 
as pyrazine, the coordinated pyrazine becomes more basic as 










Ru(III) moiety does not follow this trend with 
respect to the pyrazine ligand. When water is coordinated to 
1 I_· _ 
2 
this moiety, the coordinated water, as expected, becomes more 
4 acidic with the pKa changing from 15.7 to 4.1. In a similar 
manner, when hydrogen sulfide is coordinated to this moiety, 
the coordinated hydrogen sulfide becomes more acidic with the 
pKa changing from 7.0 to -10.4 However, when the pyrazine is 
coordinated to this moiety the coordinated pyrazine becomes 
more acidic with the pKa changing from 0.6 to -0.8. 5 








os(pz) 2+, the 
increased basicity of the coordinated pyrazine is due to back 
bonding between the filled t 2g metal orbitals and the 
rr-antibonding orbitals of the aromatic system of pyrazine. 
The electron density that is transferred through back bonding 
to pyrazine is of large enough magnitude to overcome the 
inductive effect produced by.the positively charged metal. 
Back bonding is optimized in octahedral complexes when the 
metal centers have low spin d 6 electronic configurations, as 
is the case for ruthenium(II) and osmium(II). When there is 
only one rr-acid ligand coordinated to the metal, the back 
bonding is maximized. There is no competition for rrd electron 
density. 
Ruthenium(III) has a low spin d 5 electronic configura-
tion. Back bonding is not as effective in stabilizing this 
oxidation state, so the effect of rr-acid ligands will be 
small. With less effective back bonding, the inductive 




Ru(pz) 3+. The larger positive 
charge also increases the magnitude of the inductive effect. 









acidic than the free ligand. 
Monosubstituted derivatives of Group VIB hexacarbonyls 
are examples of rr-acid rich systems. The Group VIB metals 
6 . 
have low spin d electronic configurations which optimize 
back bonding. This is necessary since the back bonding from 
the carbonyls stabilizes the formally zero oxidation state of 
the hexacarbonyls. In carbonyl bonding, 
6 
there is a-bond a 
formed through the overlap of an orbital (essentially a lone 
pair on carbon) with a vacant d
2
sp3 hybrid orbital on the 
metal. There is rr-back bonding between filled t 2 g metal 
orbitals and rr-antibonding orbitals on the carbonyl. The 
bonding is synergistic, that is, the effects of a-bond 
formation strengthens the rr~bonding and vice versa. 
The net effect of the back bonding is to reduce the 
electron density around the metal center. This in turn gives 
the metal a partial positive charge. The formal oxidation 
state, then, does.not give a true picture of the nature of 
the metal center. How, then, does this partially positively 
charged center affect ligands coordinated to it? The 
purpose of this project is to anser that question. 
The complexes chosen for this study are the monsub-
stituted derivatives of tungsten hexacarbonyl of which a 
variety have been made. 7 The derivatives tend to be 
thermally stable and substitution inert.
8 
Some monosubstituted derivatives of tungsten hexa-
carbonyl have been studied using a variety of techniques 
(IR' 







Bonding in the W(CO) 51 complexes were .discussed in light of 
the information obtained. Bonding between tungsten and the 
ligand, L, is neither just o- or rr-bonding, but probably some 
combination of the two. No one has agreed on the parameters 
to be used in describing the bonding system. 
Currently, the photochemical properties of W(Co)
5
L are 
of great interest. A wide variety of complexes have been 
studied. 14- 17 The ligand, L, perturbs the nature of the 
lowest excited state. The photosubstitution reactivity is 
dependent on the identity of the lowest excited state; 
whether it is ligand field or charge transfer in nature. 
This information ia helpful in formulating a theoretical 
model for ligand.photosubstitution. 
M(C0) 5 (pyrazine) (where M = Cr, Mo, Ttl) were characterized 
18 by Pannell and co-1vorkers.. It was suggested that these 




Ru(pz) 2+. Ernhoffer 





Fe(pz)J 3-, and 
(NH3 ) 5Ru(pz)
2+. They concluded that carbonyl back-bonding 
reduced the rr-bonding capacity of molybdenum towards pyrazine. 
The affinity for pyrazine by {Mo(Co)
5
} is similar to that of a 
high-spin first row ion species such as {Ni(H2o) 5
J 2+. 
Information on how the metal affects the coordinated 
ligand will be useful in the synthesis of bridged binuclear 
complexes. From the bridged binuclear complexes, it is 
possible to generate the corresponding mixed-valence 
complexes, which are of interest in.electron transfer studies 
t 
i 









All water used was initially deionized by passage through 
a mixed resin bed deionizing column and then distilled from an 
all glass still. The following chemicals were used as 
received from the supplier (suppliers are noted if known): 
tungsten hexacarbonyl (Alfa); methanol (HPLC-grade, Baker); 
2,2,4-trimethylpentane (spectrophotometric grade, Aldrich); 
pyrazine (K&K); 4,4 1 -bipyridine (P&B); isonicotinamide 
(Aldrich); 4-cyanopyridine (Aldrich); pyrimidine (Aldrich); 
perchloric acid (70%, Mallinkrodt); sodium hydroxide; 
hydrogen sulfide (~lathenson); .alumina (Baker); phospho-
tungstic acid (Sigma); acetonitrile. 
The nitrogen gas (prepurified, Union Carbide) was passed 
through a heated copper(I) oxide catalyst (Chemalog, R3-11) 
tube, about a meter long, to remove any oxygen impurity. The 




Photolysis was carried out in a specially 
equipped cabinet. The cabinet was vented using a small fan. 
There was a nitrogen line for deaerating solutions and an 
6 
7 
exit line to a mineral oil bubbler. A magnetic stirrer was 
available for stirring reaction solutions. The UV source was 
a 700 watt medium pressure mercury lamp (GE, H400DX33-1). 
All photochemical reactions were conducted with filtered 
light. The pyrex reacti.on flask sat in a double beaker 
arrangement, where the space between the two pyrex beakers 
was filled with the filtering solution. The filtering 
solution was a saturated solution of nickel(II) sulfate and 
cobalt(III) sulfate. This filter prevented irradiation at 
the absorption wavelength (400 nm) of the desired product, 
and thus avoided photolysis of the product. The pyrex glass 
prevented irradiation below 300 nm. The filter, then, trans-
mitted light in the 313 nm region. 
2.2.2 Reaction Flasks 
The reaction flask in some cases was just a 
round bottom flask sealed with a septum which was secured 
with wire. Stainless steel needles were used to deaerate 
the flask. 
In other cases, a modified Zwickel. flask 1-ras used; see 
Figure 2.2.1. The Zwickel flask allows easy transfer of air-
sensitive solutions. 
The stopcock has two u-shaped bores. When the nitrogen 
inlet is connected to the tube going to the bottom of the 
flask (see stopcock view (a) in Figure 2.2.1), the other bore 
vents the system so that the solution in the flask can be 
deaerated. When the vent and the tube to the bottom of the 
flask are connected (see stopcock visw (b) in Figure 2.2.1), 
·Figure 2.2.1 Modified Zwickel Flask 












nitrogen gas pressure is exerted on top of the solution in 
the flask. This pressure forces the solution up the long 
tube and out the vent. The vent must be fitted with a 
stainless steel needle or an appropiate fitting so that the 
solution can be collected in a deaerated container. 
2. 3 Preparation of Compo.unds 
1 0 
General procedure: Isooctane (2,2,4-trimethylpentane) 
was shaken with alumina and filtered before using. Tungsten 
hexacarbonyl (0.5 g - 0.175 g; 0.14 mmole - 0.5 mmole) was 
placed in a reaction flask containing a magnetic stir bar. 
Approximately 50 mL of isooctane was added. The solution 
was stirred for 30 min or until the hexacarbonyl had 
completely dissolved~ The ligand was then added in an equi-
molar amount. The reaction .mixture was then deaerated for 
20 min. While still bubbling with nitrogen, the solution 
was irradiated with filtered UV light for 10 to 60 min or 
until the reaction was complete, as evidenced by the disap-
pearance of the hexacarbonyl band (288 nm) in the UV 
spectrum. The irradiated solution was always yellow. 
Unreacted hexacarbonyl can be removed from the reaction 
solution by the following procedure Add a small amount of 
alumina to the solution. The complex is adsorbed onto the 
alumina. Quickly filter the solution and wash the alumina 
with a small amount of fresh isooctane. Transfer the funnel 
containing the alumina to a clean filter flask. Rinse the 
alumina with methanol to remove the complex. The complex in 




oH2 Approximately 50 mL of water or 0.01 M HC10 4 was 
added after the hexacarbonyl had dissolved. The mixture was 
irradiated for 30 to 60 min. The complex was formed in the 





Irradiation only lasted 15 min. Longer 
irradiation times encouraged dimer formation. 
\tJ(Co)
5
(pyrimidine) 18 Irradiation time was 40 min. 
~(G0) 5 (4,4 1 -bipyri.dine) Irradiation time was 20 min. 
Longer irradiation times caused dimer formation. 
W(Go)
5
(methanol) If isooctane was the solvent, 1 mL of 
methanol was added.. Methanol could also be used in place of 
isooctane. Irradiation lastsd for 30 to 60 min. Complete 
reaction of the hexacarbonyl was possible without the 
formation of other products. 
W(Go)
5
(4-cyanopyridine) 14 • 15 Irradiation lasted 30 min. 
This complex also could be made by adding 4-cyanopyridine to 
W(Go)
5
(methanol) with rapid .stirring. Substitution of 
methanol by 4-cyanopyridine occurs rapidly. 
W(Co)
5
(isonicotinamide) Irradiation time was 30 min. An 
orangish-brown solid was als.o formed besides the yellow 
solution. Elemental analysis results (by Stanford Micro-
analysis Laboratory) on this solid were inconclusive. This 







20 • 21 A solution of tungsten hexacarbonyl in 
isooctane was.bubbled. with hydrogen sulfide for 30 min. The 
solution was then irradiated for.1 h without any bubbling. 
"' 
2. 4 · pKa.. De.termin:a.tion 
2.4.1 pKa > 1 
The W(Co)
5
oH2 complex was synthesized in a 
modified Zwickel flask. The aqueous layer was transferred 
under nitrogen pressure to a deaerated modified buret (see 
Figure 2.4.1). The modified buret was fitted into one neck 
of a four-neck 250-mL round bottom flask which contained a 
12 
magnetic stir bar. The center neck held a 10-ml buret which 
contained deaerated standardized 0.1 M sodium hydroxide. The 
other neck held a Corning semi-micro combination electrode. 
This electrode was connected to a Corning Model 130 pH meter. 
The individual assemblies were held in the necks of the flask 
by Kontes 14/20 standard taper teflon thermometer adapters. 
The fourth neck was sealed with a septum and secured with 
wire. Stainless steel needles were inserted in the septum to 
deaerate the flask and to vent to a mineral oil bubbler. See 
Figure 2.4.2 for a diagram of the set up. 
A measured amount of the complex was placed in the 
flask. The initial pH was recorded. The titration with 
sodium hydroxide was followed by noting the volume of base 
added and the corresponding pH of the solution. The pKa was 
determined from a plot. of pH vs mL of base. 
2.4.2 pKa. < 1 
Complexes which are used in this procedure were 
synthesized in isooctane. Solutions of differing concentra-
tions of perchloric acid were made(1.17 M to 8.76 M). 
One mL of complex was placed in a test tube. Initially, 
· Figure 2. 4.1 Modi.fied Buret for Measuring the Volume of a 
Solution under Nitrogen Pressure. 
A. Septum 
B. Needl.e vent and Needle inlet for nitrogen 
C. $14/20 Kontes Teflon Thermometer Adapter 














~H Electrode (combination) 












5 mL of a perchloric acid solution was added to the same test 
tube. This test tube was stoppered and shaken. If protona-
tion had occurred, the aqueous layer would be colored, 
generally yellow. If the isooctane layer is still colored, 
more perchloric acid solution was added. It/hen the color 
completely transfers from the isooctane layer to the aqueous 
layer, it was assumed that complete protonation had occurred. 
The most dilute acid concentration at which complete color 
transfer occurs was determined. The pH at one-half of this 
dilute acid concentration was calculated. The calculated pH 
is the approximate pKa. 
2.5 Kinetics 
Visible spectra were taken of the complex, methanol-
tungsten(O)pentacarbonyl, before and after substitution by 
acetonitrile to determine the wavelength at which the 
reaction should be followed. The disappearance of the 
methanol complex was followed at 417.5 nm. Kinetic studies 
were run at 18.6 ± 0.1°C, 24.6 ± 0.1°C, and 27.2 ± 0.1°C. 
General Procedure: Approximately 50 mL of the methanol 
complex in methanol was deaerated in a flask for 20 min and 
sealed with a septum which was secured with wire. The flask 
was placed in a water bath at the specified temperature. 
Various dilutions of acetonitrile in methanol were made and 
placed in stoppered flasks. These Flasks were also placed in 
the water bath at the specified temperature. 
An aliquot (0.5 mL) of acetonitrile in methanol 
solution 1vas p:Laced in a 1.00 em cell. \Hth a syringe, 3.0 
mL of the methanal complex was withdrawn from its flask and 
added to the cell. The cell was immediately placed in the 
Cary 219 and the absorbance recorded. The cell compartment 
was thermostated at the specified temperature using a Lauda 
circulating bath. The temperature was monitored with an 
immersible probe in a blank curvette in the Cary 219 cell 
compartment. The probe was part of a Bailey Instrument 
Hodel BAT-12 thermometer. 
18 
The reaction was followed by a continuous scan of 
absorbance over time at 417.5 nm. The reaction was fallowed 
to ten times the first half-life. Absorbances were measured 
from the scan record of absorbance against time. The data 
was fitted to ln (At - A
00
) vs time using a linear least 
squares program on a Texas Instruments Model 55 calculator. 
2.6 Instrumentation 
2.6.1 Absorption Spe~troscopy 
UV-VIS spectra were taken on the Cary 219. 
Solvents used were methanol, isooctane or dilute aqueous 
perchloric acid. 
2.6.2 Infrared Spectroscopy 
Infrared spectra were taken on a Perkin-Elmer 
457 or 283 instrument. Soluti.on cells (0.1 mm KBr) were 
used. Isooctane was the solvent used unless otherwise noted. 
2.7 Tungsten Asslry 
Methanol solutions of the synthesized compounds were 
analyzed for.tungsten. These tungsten assays were performed 
on a Perkin-Elmer Model 303 atomic absorption spectrometer 
using flow injection techniques.
22 
Tungsten analysis was 
performed with a N20-acetylene flame. This N20-acetylene 
flame requires the use of a 2-inch single slot burner head. 
1 9 
A 1/16-inch teflon tube, through which water flows, connects 
the water reservior to the sample injection port and then to 
the burner nebulizer. The water flow rate to the nebulizer 
is controlled by regulating the helium pressure on the water 
reservior. The absorption signal output from the spectra-
meter is permanently recorded on a Linear stripchart recorder. 
Figure 2.7.1 is a diagram of the basic apparatus. This 
general procedure is described in detail in reference 22. 
Since the samples to be analyzed were in methanol, a 
tungsten standard in methanol was prepared. Phosphotungstic 
acid (Sigma, Lot 51F-0267) was used as the methanol soluble 







·xH20, with the waters of hydration 
being listed as unknown. The CRc 23 listed two different 
waters of hydration with different melting points. The 
0 melting point of the Sigma acid was found to be 88-90 C. 





o 10 ) 4
}•24H20. All calculations for the concentration 
of tungsten in the standards are based on this molecular 
formula for phosphotungstic acid. The molecular weight is 
3312.54. A stock solution of phosphotungstic acid in methanol 
was prepared. A series of serial dilutions in methanol were 
made from this stock solution. 
Figure 2.7.1 Apparatus for Flow Injection in Atomic 
Absorption. 
A. Linear Stripchart Recorder 
B. Recorder Readout Accessory 
C. Atomic Absorption Spectrometer 
D. Sample Injection Port 
E. Flow Restricter Back Pressure Column 
F. Water Reservior 

















The experimental conditions under which the analyses 
were performed are given in Table 2.7.1. Absorptions were 
recorded on a Linear stripchart recorder. The peak heights 
in millimeters were measured from the recorded scans. The 
following formula
22 




{{1000 - mm X 10-1 }/100} 
22 
where mm is the peak height in millimeters. The equation 
defines 100% absorption as 1000 mm. The Beer 1 s law plot 
obtained from the phosphotungstic acid standards in methanol 
is given in Figure 2.7.2. From this plot the concentration 
of tungsten in the synthesized compounds were determined. 
Absorbance values at Amax were measure from the previously 
taken visible spectra of these synthetic samples. These 
spectra were taken in a 1.00 em cell. Molar absroptivity 
values were calculated. These values are presented in Table 
3.1.2 within the Results and Discussion chapter. 
TABLE 2.7.1 Experimental Conditions for Tungsten Assay 
Using Flow Injection.Atomic Absorption 
Flame: N20-acetylene 
Air: Flow meter 6.0 (30 psi) 
Acetylene: Flow meter. 5.5; 1 5 (8 psi) 
Flow meter 6.0 (30 psi) 
Burner 
23 
Height: 2 em ( 2-inch. single-sl:ot burner head) 
AA meter: response 1 
scale 1 
Tungsten: filter out; slit 3; 20 rnA 
401.1nm; UV 
Recorder: 100 mV; 2 em/sec 
noise suppression 2 
scale expansion 30X 
Tungsten 
Lamp: Westinghouse WL36076 
Sample 
Size: 150 11L 
Figure 2.7.2 Beer's Law Plot for Tungsten Standards in 
Methanol. 
Sample Absorbance Standard % Relative 
JJg/mL (mean) Deviation Standard 
Deviation 
27.8 2.57 X 1 o- 3 3.3 X 1 o- 4 12.8 
55.7 5.04 X 10- 3 5.8 X 1 o-4 11 • 5 
111.4 1 • 1 9 X 10-2 9.3 v 1 o-4 7.8 A 
222.7 2. 40 X 10- 2 1 • 2 X 1 o- 3 5.0 
556.8 5.50 " 10-
2 2.5 X 1 o- 3 4.5 A 
Correlation Factor, R: 0.9989 
Slope: 9. 92 X 1 o- 5 









100 200 300 400 500 600 
llg/mL Tungsten 
Chapter 3 
RESULTS AND DISCUSSION 
3.1 Electronic Absorption Spectroscopy 
In the hexacarbonyls of Group VIE, the availability of 
empty rr-antibonding orbitals allows strong met~l-carbonyl 
bonds in the presence of lo1v formal metal charge. The 
electron density from the filled metal drr orbitals delocalize 
into the carbonyl rr" orbitals.. This increases the attractive 
potential of the metal resulting in stronger cr-bonding. The 
t 2g.,. rr'f CO transition which is called the 
1 
A1 g .,. 
1 Tu 
transition24 appears as a maximum at 288 nm ( in n-hexane) in 
the electronic absorption spectrum of tungsten hexacarbonyl. 
The monosubstituted derivatives of tungsten hexacarbonyl 
typically exhibit a maximum around 400 nm (s ~ 4000 M- 1cm- 1 ). 
This absorption band is red-shifted from the 288 nm absorp-
. 25 
tion band in the parent hexacarbonyl. Dahlgren observed 
that the degree of the re~-shift of the 400 nm band was 
dependent on the ligand, 1. The energy of the band followed 
the order 
halide < amines <pyridine ~ acetonitrile < CN-
< phosphine < CO 
This trend approximates the order of the spectrochemical 
. 26 
ser~es. 
The lack of major variation in the absorption spectra 




has little effect on the d-d splitting. The carbonyls have 
a dominant influence in determining the d-d splitting. 
Table 3.1.1 lists absorption maxima for various mono-
substituted derivatives. Table 3.1.2 lists absorption maxima 
for the monosubstituted derivatives synthesized for this 
project. Where possible, molar absorptivity values are 
reported. 
When the derivatives were protonated or deprotonated, 
changes in the visible spectra were not usually seen. This 
ruled out spectroscopic methods of determining pKa 1 s. There 
were two exceptions, the derivatives containing pyrazine and 
4-cyanopyridine. The spectra are shown in Figures 3.1.1 and 
3.1.2. The spectra exhibit two maxima, one near 400 nm and 
the other around 500 nm. The 400 nm band appears to be 
similar to the t + rr* CO band which appears around 400 nm 
2g 
in the spectra of the unprotonated derivative. The band is 
still red-shifted from the 288 nm band in the parent 
hexacarbonyl. 
For a series of substituted pyridine complexes, 
\I/(Co)
5
(py-R), \frighton15 found that the tungsten to ligand 
charge transfer band (\'/ + LCT) shifted to lo1?er energy. The 
shift of W + LCT for 4-methylpyridine to 4-acetopyridine was 





for the same 1. For W(Co)
5
(py-R), regardless of the identity 
of py-R, the band at 400 nm remained. The invariance of this 
band is consistent with the ligand field character of the 
band. The changes in the charge transfer properties have 
TABLE 3.1.1 Electronic Absorption Spectral Features of 
W(Co) 5L Complexes 


































































acyclohexane solvent; breference 25; ccH
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Cl solvent; 




















4-C yanopyridine c 
Isonicotinamideb 
Hydrogen sulfide 0 







































Figur~ 3.1.1 Electronic Absorption Spectra of 
W(Co) 5(pyrazine). 
(A) in isooctane 





















Tigure 3.1.2 Electronic Absorption Spectra of 
liJ( CO) 5 ( 4- cyanopyridine). 
(A) in isooctane 






been brought about without changing the set of donor atoms 
coordinated to the central atom. 
Following this line of reasoning, the 500 nm band in the 
spectra of the protonated complexes of pyrazine and 4-cyano-
pyridine is assigned as the tungsten to ligand charge transfer 
band. This assignment also implies that the protonated ligand 
is more electron withdrawing than the unprotonated form. 
There is some question about how 4-cyanopyridine is 
coordinated to tungsten(O)pentacarbonyl. Bonding can occur 
through the pyridine nitrogen or the cyanide nitrogen. 
Wrighton15 and others14 have suggested that the 4-cyano-
pyridine to tungsten(O)pentacarbonyl bonding occurs through 
the pyridine nitrogen. They cite the absence of shift in the 
C~N stretch in the infrared spectra of the complex when 
compared to the infrared spectra of the free ligand. If this 
bonding is actually the bonding that occurs, protonation 
would not be expected in the range examined. 
If the W(C0)
5
(4-cyanopyridine) complex corresponds to its 
27 ruthenium(II) analog, the bonding would occur through the 
cyanide group and protonation would be observed. Since a pKa 
was obtained, bonding through the cyanide group is postulated. 
The infrared spectra were inconclusive. The solution IR of 
the complex did not exhibit a noticable C~N stretch or a shift 
in frequency. These observations were not totally unexpected. 
The lack of a noticable C~N stretch may be due to low 
coccentration of the complex in the samples that were used 
for IR spectra. Even so, the C~N stretch is not expected to 
35 
be large. If the C.=:N is bound on both ends, the intensity of 
the stretching vibration that occurs should be reduced. 28 
In the reuthenium analog, 29 the decrease in C=N 
frequency has been attributed to the unusually strong rr-back 




Ru(II) moiety. If the W(Co)
5 





moiety, as expected, a decrease in c=:N frequency may not be 
27,29, 30 seen. 
3.2 Vibrational Spectroscopy 
-1 The infrared region 1800-2200 em contains the carbonyl 
stretching of carbonyls coordinated to transition metals. 
For octahedral tungsten hexacarbonyl only one vibrational 
mode (T1u) is allowed and this is observed at 1985 cm-
1 
(hydrocarbon solvent). The monosubstituted derivatives of 
tungsten hexacarbonyl, W(Co)
5
1, reduce to c4v symmetry. 
Stretching analysis 31 indicates that there should be three 
infrared-allowed bands, 2A1 + E. Even when the exact symmetry 
of the complex is not c4v' as when 1 = triphenylphosphine, the 
effective symmetry of the complex is still close to c4v and 
thus three IR bands are still seen. A three band pattern in 
the carbonyl infrared region for W(Co)
5
1 complexes is, then, 
generally independent of the identity of 1. Examples are 
listed in Table 3.2.1. Table 3.2.2 lists the carbonyl 
frequencies for the complexes synthesized for this project. 
Analysis of the bonding in similar complexes led Cotton 
and Kraihanzel to develop a procedure to calculate force 




1•/(C0)5L Band Energies (cm- 1 ) 
L A(2) _1_ E A~1) 
Acetonitrilea,c 2077 1944 1926 
Cyclohexylaminea,c 2072 1930 1917 
Pyridinea' c 2072 1932 1 919 
4-Benzoylpyridinea, c 2071 1930 1921 
Piperidinea,c 2065 1926 1 917 
PPh a,c 
3 2072 1944 1944 
PBr3a,c 2095 1990 1984 
oH a,c 
" 3 2084 1956 1956 
P(n-butyl)
3
a,c 2065 1941 1935 
Cl - b, c 2069 1922 1842 
Br- b,c 2071 1924 1844 
I- b, c 2068 1926 1850 
CN- b, c 2057 1924 1880 
4-Methylpyridineg 2072 1933 191 8 
4-Acetopyridined,e 2071 1932 1923 
4-Formylpyridined,e 2072 1935 1927 
3-Bromopyridineg 2077 1938 1924 







of 2074 1931 1908 
CH CH OHf 
3 2 2078 1929 1885 
coa,c 




. TABLE 3 •. 2. 1 (CONTINUED) 
a b c d 
cyclohexane; CHC1
3
; reference 32; reference 15; 
eisooctane; freference 11; greference 12. 













































a b c d 0.01 M HCl0
4





constants for the carbon-oxygen bonds fr.om the infrared 
data. 9- 11 There are three force constants: k
1
, the trans-
CO carbon-oxygen force constant; k 2 , the force constant for 
the cis-carbonyls; and ki' the off-diagonal element which 
couples the cis and trans vibrations. 
Force constants which have been calculated for various 
39 
monosubstituted derivatives of tungsten hexacarbonyl are 
given in Table 3.2.3. The force constants for the complexes 
synthesized in this project were calculated using equations 
based on the Cotton-Kraihanzel method. These equations are 
discussed in reference 34. 
The force constants for a homologous series of M(C0)
5
1 
complexes have been used to.describe the bonding properties 
of the ligand, 1. This model was developed by Graham. 35 
Two parameters were defined: o, the measure of the inductive 
effect of 1; and TI, the measure of the mesomeric interaction 
of 1 with the metal. The o-effect was assumed to affect all 
the carbonyls equally while the .TI-effect affects the trans-
CO twice as much as the cis-CO. 
For the series of W(C0)
5
1 complexes, cyclohexylamine was 
chosen as the reference ligand since no TI-bonding is 
possible. Values of 6o and 6TI were calculated using the 
following equations: 
M; = 26k2 + 6k1 
6TI = 6k1 t 6k 2 
where 6kj = kj(1) - kj(cyclohexylamine). The values of 60 
and 6TI are given in Table 3.2.4. Also included in Table 
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L Force Constants (mdyne/ A) 




15.61 16.09 0.32 
P(n-butyl)
3 
e 15.38 15.76 0.32 
Cl- e 13.82 15.67 0.37 
Br-e 13.85 15.70 0.37 
r e 13.94 15.70 0.36 
CN- e 14.40 15.62 0. 34 
coe k1 = k2 = 16.41 
aCalculated from energy data in Table 3.2.2; 
bCalculated from energy data given in reference 11 and 
Table 3.2.1; 
cTaken from reference 12; 
dCalculated from energy data give.in reference 15 and 
T a bl e 3 • 2 • 1 ; 
eTaken from reference 33. 
41 








/c. a Mr 
H20 0.34 -0.60 
H2S 0.30 -0.03 
Methanol 0.04 -0.12 
Pyrimidine o.oo 0.07 
Pyrazine -0.06 0.1 4 
4, 4 1 -Bipyridine -0.10 0 .1 0 
4-Cyanopyridine 0.27 -0.01 
Isonicotinamide 0.27 -0.27 
(CH
3
CH2 ) 2o 0.1 2 -0. 11 
CH
3
CH20H 0.43 -0.45 
4-Methylpyridine -0.03 0.05 
4-Acetopyridine -0.11 0.12 
4-Cyanopyridine -0.13 0.14 
4-Formylpyridine -0.05 0.10 
3-Bromopyridine 0.04 0.06 
Acetonitrilea 0.23 -0.05 
Cyclohexylamine a o.oo o.oo 
Piperidinea -0.16 0.08 
PPh a 




-0.28 0. 48 
a 
0.07 0.27 PH 3 
42 
43 




1. Lo Lrr 
P(n-butyl) 3 
a -0.36 0.37 
Cl- a 1. 02 -1.10 
Br- a 1 • 0 5 -1 • 1 0 
I- a 0.96 -1 • 01 
CN- a 0.34 -0.47 





3.2.4 are values for other W(Co)
5
1 complexes found in the 
literature. 
When 6n > O, 1 is a good n-acceptor; conversely, when 
44 
6n < 0, 1 is a good rr-donor. 6a > 0 implies that 1 does not 
donate electron density to the metal through the metal-ligand 
bond. In general, all rr-acceptor ligands are good a-donors 
while strongly withdrawing ligands are rr-donors and poor 
a-donors. 
From the values listed in Table 3.2.4, the ability of 
the ligands to be good n-acceptors decrease in the order: 
CO > phospine > diazene ~ pyridine-R ~ acetonitrile 
~ H2S > amine > ROH > halides 
The ligands ranked the best n-acceptors form very stable 
complexes with low valent metals through rr-interactions. 
Carbonyls are among the best n-acceptor ligands. 
Diazene and pyridine-R appear to form rr-back bonding 
complexes. The interaction must take ~ace through the n* 
bonding system of the aromatic ring~ Hydrogen sulfide also 
forms a back bonding complex but uses empty d-orbitals 
instead of rr* orbitals. 
Amines cannot interact through n-back bonding, so they 
are near the end of the series. Alcohols also do not form 
rr- back bonding complexes. The al Gohol s do have a pair of 
electrons which may. bond by rr-donation to the metal, The 
alcohols appear to behave in a similar fashion as the 
halides. The halides donate rr-density to the metal through 
their filled low energy n* orbitals. 
45 
The ability of the ligands to be good a-donors follows 
the order: 
amine ~ diazene ~ pyridine-R ~ CO > acetonitrile 
~ ROH ~ H2S ~ phosphirie > halides 
There appears to be little correlation between the 
basicities of the free ligands and the position in the 
a-scale. 
The carbonyl is a very poor base with respect to protons 
but has a high position in the a-scale. This may be due to a 
synergistic effect. The carbonyl can induce charge on the 
metal through the carbon a-orbital as metal w-electron 
density is forced onto the ligand. 
In W(Co)
5
L complexes ths a-parameter may be interpreted 
as a property of the ligand as it exists in the complex, 
modified by synergistic effects rather than the property of 
the free ligand.35 
There is a question about the validity of Graham's 
parameters. Daamen and Oskam13 looked at variou.s H(Co)
5
L 
(where M = Cr, IV) using UV photoelectron, UV absorption and 
13c IH!R spectroscopy. They concluded that the a- and 71-
interaction parameters do not adequately explain the metal 
to ligand bonding mechanism. The a-bond also cannot be 
described using pKa values or ionization potentials. They 
did not, however, suggest an alternative. Until something 
better is suggested, the a- and 71-parameters give, at least, 
a qualitative picture of the metal to ligand bond. 
l 
t 
3.3 Acidity of Coordinated Ligands 
Many ligands with the ability to donate or accept 
protons retain this ability when coordinated to a metal. 
The metal ion may alter the ligand basicity by delocalizing 
the original charge on the metal over the entire complex or 
by inductive effects. If the coordinated ligand loses a 
proton, the resulting negative charge is neutralized by the 
metal 1 s delocalized positive charge. This results in the 
ligand center becoming more acidic. 
An example of this effect is coordinated water. 37 The 
pKa of free water is 15.8. Water coordinated to a metal 





3 + has a pKa of 6.1. The 











3 + is 
4.1.4 Other examples are given in Table 3.3.1. 
There are exceptions to the trend of metal centers 
46 







+ was more basic (pKa = 2.5) than the 
free ligand (pKa = 0.6). This was accounted for by back 
donation of electron density from the metal's filled t
2
g 
orbitals into the unoccupied rr* orbitals of the ligand. This 
back bonding compensates for the electrostatic effect. 





5 a pKa of -0.8. The ruthenium(III) center does not back bond 
as well. The increase in positive charge makes it more 





Ru(4-cyanopyridine) 2 + also fits into this 
























cis-Coen2 (NH 2 (CH2 )2NH 3
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category. The pKa of 
1.9.27 
the complex is 2.7 while the pKa of the 
free ligand is Although hydrogen 
orbitals available for back bonding, the 
sulfide has empty d 
(NH ) RuSH 2+ 
3 5 2 
complex is more acidic (pKa = 4.0) than the free ligand H2S 
(pKa = 7.0). 4 Values for these and other ruthenium complexes 
are given in Table 3.3.2. 
Note that the pyrimidine complexes do not fall into the 
exceptions category. This is explained by considering the 
bonding that is involved. The symmetry of the ligand orbital 
which interacts with the t 2g orbitals is such that the coef-
ficient at the meta-position is very small. The dominant 
contribution from the metal coordination at the meta-site is 
electrostatic in nature. 5 
Monosubstituted derivatives of tungsten hexacarbonyl 
were studied to determine the effect of the W(Co)
5 
moiety on 
the coordinated ligand. This was accomplished by looking at 
the pKa 1 s of the coordinated ligands. Where possible, the 
pKa values were determined from pH titration curves. The 
spectrophotometric method used by Taube for the ruthenium 
complexes was not applicable. Spectral differences between 
protonated and unprotonated complexes were generally minimal, 
There were also solvent problems. Both forms of the 
complexes were not always soluble in the same solvents. 
Negative values of pKa 1 s are only estimates. The 
effective acidity of concentrated aqueous perchloric acid 
solutions is not equal to the molarity since the activity 
coefficients become important. 39 The pKa values obtained 
TABLE 3.3.2 Values of pKa for a Variety of Ru(II)/Ru(III) 
Acids 
acid pKa reference 






2+ 13. 1 4 
(NH 3) 5RuOH 2 
3+ 4. 1 4 
H2S 7.0 4 
2+ 
4.0 4 (NH 3 )5RuSH 2 
(NH 3 ) 5RuSH/+ -10 4 
l"yrazine-H+ 0.6 5 
(NH3 )5Ru(pz-H) 
3+ 2.5 5 
(NH3 )5Ru(pz-H)
4+ -0.8 5 
P .. d' H+ yr:tm:t :tne- 1.3 5 
(NH3 )5Ru(pym-H)
3+ 0 5 
4-Cyanopyridine-H+ 1.9 27 
(l<TH 3 ) 5R u (NC-py-H) 
3+ 2.7 27 
49 
50 
are given in Table 3.3.3. 
Acidity functions,. such as the Hammett function, are 
commonly used by physical organic chemists when using 
concentrated acid solutions. There are a few cases where 
acidity functions have been applied to organometallic 
systems.4° Questions have been raised about the validity of 
pKa values derived from acidity functions. 41 It was decided 
not to used acidity functions since the general trend should 




oH2 , followed the 
pattern for other aqua complexes. in .that the coordinated 
water became more acidic (pKa = 4.8; pKa for H20 = 15.7). 
This indicatesthat tungsten must have effectively a 
positive charge. This could be caused by the decrease in 
electron density around tungsten arising from n-back bonding 
with the carbonyls. 
Care had to be taken in the synthesis of the aqua com-
plex. If the reaction mixture was irradiated too long, 
another product appeared. This could be seen in the visible 
spectra taken at different irradiation times, see Figure 
3.3.1. Something also showed up in the titration curve for 
the complex (Figure 3.3.2). The presence of two inflection 
points seems to indicate that the new complex has acidic 
protons. This might be accounted for by the formation of 
diaquatungsten(O)tetracarbonyl. 
Hydrogensulfidetungsten(O)pentacarbonyl was also studied 
51 





L free ligand 
L pKa pKa reference 
H20 4.8 1 5. 8 33 
Hethanol 16 42 
H2S 7.0 5 
Pyrimidine -0.4 1.3 5 
Pyrazine -0.4 0.6 5 
4, 4' -Bipyridine -0.7 4.8 43 
4- Cyanopyri dine -0.3 1 • 9 27 




at Different Irradiation Times. 
(A) 30 minutes 
(B) 50 minutes 









360 400 440 480 520 
Wavelength, nm 
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·Figure 3.3.2 Plot of pH vs rnl NaOH for the Titration of 























because Herberhold and S~ss 20 • 21 claimed that the protons 
were more acidic than the free ligand. They made this claim 
based on NMR data. They also reported that ~v(co) 5 sH 2 was 
-1 green with an infrared pattern in em of 2070(w), 1971(m), 
1935(s), and 1917(sh) in benzene. 
Generally, the W(C0)
5
L complexes are yellow. They are 
green only when there is some decomposition. Their infrared 
data does not agree with the data obtained in this project; 
2075(w), 1953(s), and 1935(sh) cm- 1 in isooctane. Herberhold 
-1 and S~ss 1 s band at 1971 em may be from the.forbidden B1 
mode which is normally not observed in solution IR. 
These differences may or may not account for our 
experimental results. No pKa value was obtained for 
W(C0)
5
sH 2 • The complex was not soluble in water, 4 M HClo 4
, 
or 0.1 M NaOH. This is strange considering that H
2
S is more 
polarizable than H2o. One would expect that the more 
polarizable ligand would help to solublize the complex. 




(isn)RuSH/+, the pKa was 
found to be smaller than 3.2. 4 The acidity of the 
coordinated H2S increased with the addition of a rr-acid to 
the coordination sphere. Would converting all the ligands 
to rr-acids keep increasing the acidity of the coordinated 
H2S? This might explain why the W(C0) 5
sH 2 complex will not 
go into aqueous solutions. The H2S would be very tightly 
bound to the W(Co)
5 
moiety. ·It would not help aquate the 
complex. It is questionable if rr-back bonding plays an 




back bonding does not appear to be important. 
back bonds through its d-orbitals, Graham's parameters may 
not necessarily measure this type of bonding in its tnr term. 
Methanoltungsten(O)pentacarbonyl was expected to act 
like the aqua complex. The pKa of methanol is around 16.42 
Bonding should be similar to the aqua complex since rr-back 
bonding is not possible through the oxygen. It was not 
possible to determine a pKa value. Strange behavior was 
observed when titrating the methanol complex in aqueous 
solution. When a drop of base (0.1 NaOH) was added to the 
solution (after reaching a pH around 6) the pH would 
increase rapidly to a maximum then gradually drop to a pH 
57 
just above the initial pH (before the drop of base was added). 
This would continue until the solution was rather basic, pH 10 
or 11. The pKa obtained from this titration curve was 
around 5. 
A possible explanation is that water or hydroxide 
substituted for the methanol. The rapid increase in pH when 
the base was added is the behavior expected when adding base 
to an unbuffered system. 1he decrease in pH indicates that 
something is reacting with the base. The hydroxide could 
displace the methanol.. It is also possible that water 
substitutes for methanol and that the base is reacting with 
the newly formed aqua complex. Either one of these substitu-
tions would account for the similar pKa values obtained (pKa 
5 vs 4.8aqua). 
Based upon the Taube5 results for pyrazine, similar 
58 
1 8 behavior was expected for W(C0)
5
(pz). As can be seen from 
Table 3.3.3, this is not the case. W(Co)
5
(pz) is more acidic 
(pKa = -0.4) than the free ligand (pKa = 0.6). This means 
that the back bonding between tungsten and pyrazine is 
smaller than in the ruthenium(II) case. The presence of 
carbonyls as the other coordinating ligands on tungsten must 
be an important factor. The rr-back bonding between tungsten 
and the carbonyls decreases the electron density on the metal, 
effectively giving the metal a positive charge. This charge 
decreases the electron density on the metal which is 
available for back bonding with pyrazine. The increased 
positive charge would also make the metal less willing to 
share its electron .density. The net effect is an increased 
importance in the electrostatic effect. The electrostatic 
effect decreases the availability of the lone pair of 
electrons on the second nitrogen in pyrazine. 
W(C0)
5
(4-cyanopyridine) is also more acidic than the 
free ligand (pKa = -0.3 compared to the free ligand pKa = 
1.9); whereas the ruthenium analog is more basic (pKa = 2.7) 
than the free ligand. 27 The same type of arguments hold in 
this case as for the pyrazine case. This result also confirms 
that bonding in the 4-cyanopyridine complex must occur through 
the cyanide nitrogen. The pKa value is the protonation of 
the pyridine nitrogen. The cyanide nitrogen cannot be 
protonated readily.5 8 
Note that W(C0)
5
(4,4 1 -bipyridine) is also more acidic 
(pKa = -0.7) than the free ligand (pKa = 4.8).43 This 
59 
behavior was expected. Protonation, however, does not have 
any effect on the visible spectrum as can be observed for 
the pyrazine and 4-cyanopyridine complexes. This can be 
explained by the lack of interaction between the two pyridine 
rings which make up 4,4 1 -bipyridine. Protonation at the 
second nitrogen does not really effect the tungsten-nitrogen 
bond at the other end. 
The study of the pKa's of the coordinated ligands in 
W(Co)
5
L indicates that the presence of good n-acids such as 
carbonyls around the metal center decreases the ability of 
the metal to back bond with poorer n-acids. In the case of 
water, the carbonyls make the metal rather positive. 







whose pKa is 4.1. 4 From this comparison, it appears that the 
effect of the W(C0)
5 













RuL2 + are due to solvation. 
Aside from the charge difference, amines are more readily 
aquated than carbonyls. Duffy44 has shown that when metal 
aqua complexes are rid of outer sphere water molecules, the 
metal complex becomes a powerful ac~d. Verifying this 
solvation effect could. be difficult. Spectroscopic 
techniques used by Duffy are not applicable since the 
visible spectra of W(C0)
5
L do not generally change on 
protonation or deprotonation. Getting 1'J(CO) 
5
1 into water 
will also be a problem. One way around this might be to 








L are soluble along with their 
protonated/deprotonated forms. 
An interesting question arises from the solvation 
considerations. i1Jould the pKa results be the same if all 
60 
the tungsten complexes were initially water soluble? The 
problem in trying to answer this question lies in making the 
tungsten complexes water soluble while maintaining the low 
spin d6 electronic configuration. One possible solution is 
to use water soluble n-acid ligands since n-acids stabilize 
the zero valent state of tungsten. One ligand to investigate 
would be 4-(dipenylphosphino)pyridine, Ph 2P(py).
45 Because 
of its similarity to triphenylphosphine, the complex should 
help stabilize low valent oxi.dation states. The availability 
of the pyridine nitJ:"ogen for protonation in a.cidic aqueous 
solutions should help to solublize the compound. This leads 
into another question. If the carbonyls. are replaced by 
other TI-acid ligands, lvhat effect would this have on the 
sixth ligand? There are still many unanswered questions. 
3.4 Substitution Kinetics 
There have been several studies on the substitution of 
Group VIE hexacarbonyls and amine derivatives.46 - 5 4 These 
studies have reported the same type of rate law 
- d{complex}/dt = k
1
{complex} + k 2 {L} {complex} 
where 1 is the entering ligand. The first order term is 
believed to occur via a dissociative mechanism. This 
61 
mechanism involves a rate-determining break of a metal-carbon 
bond to form a give coordinate intermediate. This step is 
followed by the rapid attack by the ligand on the intermed-
iate. Positive entropy of activation values, which are 
reported for this .rate term, support the concept of a five-
coordinate intermediate with trigonal-bipyramidal configura-
tion. 
The second order term traditionally has been interpreted 
as nucleophilic attack59 by the ligand at the metal followed 
by other steps. Pardue and Dobson50 interpreted the 
traditional SN2 mechanism 59 as not predicting a ligand-
dependent term for amine substitution. 
Another interpretation of the second order term has been 
to describe it as a dissociative interchange, Id, 55 process. 
An interchange process has no .kinetically detectable 
intermediate. In the transition state for an Id process, 
there is weak bonding to both the entering and leaving groups. 
The entering group's effect on the rate will be small. This 
type of mechanism predicts a ligand-dependent term for a 
variety of ligands. 
Consider the work reported on the hexacarbonyl substi-
tution reactions. Angelici and Graham 47 found that k 2 varied 
with the basicity of the ligand; the ligand being different 
phosphine ligands. The SN2 path became the preferred pathway 
as the size of the metal increased from chromium to tungsten. 
Dobson and co-workers48 studied the substitution on the 
hexacarbonyls by halides. The observed rate constant was 
determined; k 1 and k 2 were calculated. Values for the 
substitution by bromide are given in Table 3.4.1. A second 
order rate law with an associative mechanism55 (SN2) was 
reported. No justification for dropping the k 1 term was 
given. 
Al-Kathumi and Kane-Maguire49 found a ligand-dependent 
term besides the first order term for.the acetonitrile 
62 
substitution on the hexacarbonyls •. There is some question as 





Cotton11 classified acetonitrile as a ~-acid; Graham35 did 
not. The type of bonding will affect the interpretation of 
the second order rate term. Acetonitrile is not considered 
to be a good nucleophile; it is similar to triphenylphosphine 
in its effectiveness as a nucleophile with respect to 
Mo(C0) 6 • 
Dobson and Pardue 50 decided to study.the substitution on 
the hexacarbonyls by a variety of amines in an attempt to 
clarify the interpretation of the second order term. They 
obtained pseudo-first order rate constants, k b , where 
0 s 
kobs = k 1 + k 2 {amine}. Examples of their results are given 
in Table 3.4.1. They observed that the magnitude of the 
second order term in the rate law closely parallels that of 
the first order term. The values of k 2 did not vary greatly 
among the nucleophiles. They interpreted this as evidence 
that the same factors influenc.e the reaction rate regardless 
of the path. If there is considerable bond-breaking in the 








NBr in chlorobenzene (reference 48) 
t (DC) 10 4k (sec- 1 ) 1 10
4k 2 (11-
1 sec- 1 ) 
100 0.05 20.0 
11 0 0. 1 0 51 • 0 
120 0.09 131 • 9 
LlHt = 7.6 kcal/mole LlHt = 26.5 kcal/mole 1 2 
LlSt = -32 eu 6St = -0.3 eu 1 2 
W(C0) 6 + CH 3CN in 
kobs = 0.605 
Mo(Co) 6 + CH 3
CN in 
a:c etoni tril e (reference 49) 
t (DC) k1 (sec-
1 ) k2 (M-
1 sec- 1 ) 
59.1 0.32 X 1 o- 6 1 • 0 5 X 10- 6 
68.5 1.92 X 1 o- 6 2.66 X 10- 6 
LlHt 50. 1 kcal/mole t 25.5 kcal/mole = LlH2 = 1 
LlSt 
1 = 62 eu LlSt 2 = -10 eu 
Mo(C0) 6 + PhCH2NH2 in decal in (reference 50) 
t (DC) 1 o4k 1 (sec-
1 ) 1 o4k 
2 (N-
1 sec- 1 ) 
102 0.677 1.67 
107 1. 22 2.88 
112 2.44 4-4 
--H t 36.0 kcal/mole LlHt 27.2 kcal/mole ;:,. . 1 = = 2 
LlSt = 1 9. 1 eu LlS t = -3.7 eu 1 2 
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TABLE 3.4.1 (CONTINUED) 
11/(Co) 6 + PhCH2NH 2 in decaline 
t = 150°C {PhCH2NH2} = 
k1 = 0.248 X 10-4 sec -1 
k2 = 0.33 X 10-4 -1 M sec 
W(Co) 5(morpholine) + Phl in 
t (oC) 1 o5k 
60.8 1. 56 
70.8 4. 11 
92.0 30.0 
LIHt 
1 = 22.5 kcal/mole 
/1St 





decal in (reference) 
1 (sec-
1 ) 10 5k 2 (M-




LIHt = 21.0 kcal/mole 2 







The small differences in the enthalpies of activation for the 
k1 and k 2 processes were noted. This observation was 
56 interpreted, based on Hammond's postulate, as there being 
little bond-making, whether by o- or rr-interactions, in 
the transition state. 
Substitution on M(C0)
5
(amine) by various phosphine 
ligands was studied by Angelici and Ingemanson. 51 They 
found that k 1 increased with decreasing basicity of the 
amine. The values of k 2 decreased as the nucleophilicity of 
the entering ligand decreased. 
Covey and Brown's work 52 on M(C0)
5
(amine) complexes 
indicated that the second order term should be described as 
an Id process. 
It would appear, then, that the substitution reactions 
of M(Co) 6 and M(Co) 5
(amine) go by a two term rate law. The 
first term is a first order dissociative process. The 
interpretation of the second order term, SN2 or Id' may be 
dependent on the identity of the incoming ligand. 
The acetonitrile substitution on W(Co)
5
(methanol) is 
expected to follow the two term rate law. There is one 
difference, this substitution occurs at room temperature. 
3.4.1 Kinetics 
The substitution of acetonitrile on methanol-
tungsten(O)pentacarbonyl was followed by measuring the 
change in absorbance with time at 417.5 nm. The absorbance 
vs time data are given in Appendix I. 
For a given temperature, the initial concentration of 
methanol complex was kept constant. The acetonitrile 
concentration was varied. The rate coefficients as a 
function o£ temp~rature were obtained by using a linear 
least squares program for ln (At - A
00
) vs time and are 
given in Table 3.4.2. Sample graphs are also included (see 
Figures 3.4.1, 3.4.2, and 3.4.3). 
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Pseudo-first order kinetics arise from the large excess 
of acetonitrile employed (~ 0.13 M). The observed rate 
coefficients for a specified temperature are dependent upon 
acetonitrile concentration. The observed rate constant is 
given by 
k obs = k1 + k2 { CH3
CN} 
Values of k1 and k2 were obtained from plots of k obs VS 
{CH
3
CN} and are given in Table 3.4.3. A sample plot is 
shown in Figure 3.4.4. 
3.4.2 Activation Parameters 
The rate coefficients obtained were treated 
according to the expression 
where k = rate constant 
K = Boltzmann constant 
T = temperature, OK 
h = Planck's constant 
R = Gas Constant 
t,St = entropy of activation 







Observed Rate Constants for the Acetonitrile 
Substitution on Methanoltungsten(O)penta-
carbonyl 
417. 5 nm 
Methanol 
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1 o2 k 
Correlation 
Factor 




CN} 0 = 0.27 M 
Run #1 0. 72 0.9990 
Run #2 0. 70 0.9978 
Average 0. 71 
{ CH3CN} o = 0.55 M 
Run #3 1.5 0.9999 




CN} 0 = 0.82 M 
Run #5 2.3 0.9994 




CN} 0 = 1.09 M 
Run #7 2.9 0.9993 




CN} 0 = 1. 37 M 
Run #9 3.6 0.9988 




. TABLE 3. 4 .• 2 (CONTINUED) 
Temperature = 24.6°0 1 o
2 k _1obs sec R {CH
3
CN}o = 0.27 M 
Run # 11 1.1 0.9999 
Run #12 1 • 0 0.9998 
Average 1.0 
{CH3CN}o = 0.55 M 
Run #13 2.2 0.9999 
Run #14 2.2 0.9995 
Average 2.2 
{ CH3CN} o = 0.82 M 
Run #15 3.0 0.9998 
Run #16 3.0 0.9995 
Average 3.0 
{ CH3CN} o = 1.09 M 
Run #17 4.0 0.9983 
Run #18 3.8 0.9995 
Average 3.9 
{ CH3CN} o = 1.37 11 
Run #19 5.2 0. 9991 
Run #20 5.0 0.9998 
Average 5.1 
Temperature = 27.2°0 
{ CH3CN} o = 0.1 4 M 
Run #21 0.73 0.9996 







TABLE 3.4.2 (CONTINUED) 





{ CH 3CN} o = 0.1 4 M 
Average 0. 70 
{CH3CN}o = 0.20 M 
Run #23 0.92 0.9996 
Run #24 0.99 0.9999 
Average 0.96 
{CH3CN} 0 = 0.28 H 
Run #25 1. 3 0.9999 
Run #26 1.3 0.9997 
Average 1.3 
{CH3CN} o = 0. 41 H 
Run #27 1.7 0.9999 
Run #28 1.9 0.9999 
Average 1 • 8 
~~ 
Figure 3.4.1 Graph of Ln (At - A
00
) vs Time. 
{CH3CN}o = 1.37 M 









20 40 60 80 100 
seconds 
Figur~ 3.4.2 Graph of Ln (At - A
00
) vs Time. 
{CH3CN}o = 0.55 M 












60 100 140 
seconds 
Figure 3.4.3 Graph of Ln (At - A
00
) vs Time. 
{CH3CN} 0 = 0.14 M 










120 180 280 
seconds 
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-d{complex}/dt = k b {complex} 
0 s 
where 
102k -1 -1 10 3k1 
-1 
2 M sec sec 


























0.50 1. 00 
{CH
3
CN} 0 moles/liter 
A straight line was obtained from ths plot of ln (k/T) vs 
(1/T); see Figure 3.4.5. t Values of 6H were calculated 
using a linear least squares program. Values of 6St 
0 calculated fort= 25.0 C. The values obtained were 
t 6H 1 = 9 kcal/mole 
6St = -42 eu 
1 
6Ht = 9 kcal/mole 
2 
6St = -34 eu 2 
3.4.3 Discussion 
were 
Scans which were taken of the visible spectrum 
(430-360 nm) while the substitution reaction progressed, 
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increased (Figure 3 •. 4.6). The presen.ce of an isobestic point 
suggests that the original reactant is being replaced by one 
product. It also suggests the absence of appreciable 
amounts of reaction intermediates. 
The rate law for the acetonitrile substitution on 








+ k2{cH3CN}{W(C0) 5 (methanol)} 
Under the experimental conditions, k1 is smaller than 1c2 , 
indicating that the second order path is the preferred path. 
This result would be in agreement with Angelici 1 s 47 finding 
that the SN2 path is preferred for tungsten hexacarbonyl. 
The enthalpy of activation for the first order term is 
smaller than those generally seen for substitution reactions 
· Figur~ 3.4.5 Determination of 6Ht From a Plot of 
Ln (k/T) vs (1/T). 








3.32 3.35 3. 40 
·FigUre 3.4.6 Electronic Absorption Spectra Scans of the 
















(see Table 3.4.1). This observation is understandable since 
the reaction readily occurs at room temperature. The 
negative entropy of activation value was suprising, 
especially the magnitude of it. There have been other cases 
of 68~ < o. 51 •54 For the substitution reaction of 
t 51 W(Co)
5
(morpholine) by triphenylphosphine, 68 1 is -13 eu. 
There have been other 8N1 reactions of metal carbonyls 
t 54 reporting 68
1 
values as low as -10 eu. Negative values of 
68~ generally indicate that the reaction goes with retention 
of configuration. T.his means that the.five-coordinate 
intermediate would have a square-pyramidal configuration 
t rather than the usual trigonal-bipyramidal (68
1 
> 0). This 
has not been proven 
other cases51 • 54 of 
or disprove;1 in the carbonyl case. The 
negative 68t were obtained in non-polar 
1 
sol vents. Solvation effects should be smaller in non-polar 
solvents, so the negative 68~ values cannot be ascribed to 
solvation. In the case of W(Co)
5
(methanol), the solvent was 
polar. Part of the magnitude of the negative 68~ can thus 
be due to the solvation effect of the polar solvent. 
The activation parameters for the second order term are 
in agreement for an associative type of mechanism. 6H~ is 
small but again this reaction does occur at room temperature. 




processes ara rather small. If Hammond's postulate56 
applies, this suggests l.ittle bond-making in the transition 
state. In reality, very little can be said about the second 







(methanol) by other ligands should be studied 
to see what affect different ligands have. 
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The ease with which W(C0)
5
(methanol) undergoes 
substitution suggest that the complex might be a good 
synthetic tool. W(Co)
5
(methanol) is easily synthesized via 
a photoreaction. Th.is synthetic reaction goes to completion 
so that there is no problem with unreacted hexacarbonyl. Any 
rr-acceptor ligand should replace mthanol. This procedure 
would avoid the problems involved with direct synthesis of 
W(Co)
5
L complexes; side ~oducts such as bridged binuclear 
complexes or disubstituted compounds. Methanol is also 
much easier to work with than tetrahydrofuran which is the 
usual synthetic solvent •. This.procedure was tested using 
4-cyanopyridine and isonicotinamide. The products were 
confirmed by comparison of the visible spectra. 
3.5 SU:mma:ry 
Complexes of the type W(Co)
5
L (1 = water, hydrogen 
sulfide, methanol, pyrazine, pyrimidine, 4,4 1 -bipyridine, 
4-cyanopyridine, and isonicotinamids) were synthesized and 
characterized. The visible spectra 
infrared spectra (~2070 cm- 1 , ~1930 
( ~40 0 .nm; E: 
-1 em , ~1900 
~ 4000) and 
-1 ) em were 
characteristic of monosubstituted tungsten(O)pentacarbonyl 
complexes. 
It was found that the W(Co)
5 
moiety causes ligands 
coordinated to it to become more acidic than the free 
ligands. This observation can be explained if the W(Co)
5 
moiety is positively charged and shows relatively little 
back bonding capacity to the sixth ligand. The partial 
positive charge on the W(Co)
5 
moiety is generated by the 
strong back bonding between the carbonyls and tungsten. 
Methanoltungsten(O)pentacarbonyl was found to be very 
labile at room temperature in the presence of acetonitrile. 
The substitution followed the rate law 
-d{complex}/dt = k1 {complex} + k2 {cH3 CN}{complex} 
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0 -3 -1 6 -2 -1 -1 At 24.6 C, k1 = 1.4 X 10 sec and k2 = 3. X 10 M sec • 
The activation parameters were calculated: 
t t mole; AS 1 = -42 eu; AH2 = 9 kcal/mole; and 
AHt = 9 kcal/ 
1 
t,St = -34 eu. 2 
Since the substitution of methanol occurs so readily at 
room temperature, W(Co)
5
(methanol) is very useful as a 
synthetic intermediate. 
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ABSORBANCE VS TIME FOR THE ACETONITRILE SUBSTITUTION ON 
METHANOLTUNGSTEN(O)PENTACARBONYL 
Wavelength: 417.5 nm 
Cell path: 1.00 em 
Solvent: Methanol 
Temperature= 18.6°C 
{ CH3CN} o = 0.27 M 
time Run #1 Run #2 
seconds Absorbance 
0 1 • 1 3 1 . 11 
20 1. 01 0.98 
40 0. 91 0.88 
60 0.82 0.80 
80 0.75 0.73 
100 0.68 0.67 
120 0.63 0.61 
140 0. 56 0.56 
160 0.53 0.52 
180 0.49 0.49 
200 0. 46 0.46 
250 0.40 0.40 
300 0.36 0.37 
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Appendix I (CONTINUED) 
time Run #1 Run #2 
seconds Absorbance 
(continued) 
350 0.34 0.39 
00 0.26 0.27 
{CH
3
CN} 0 = 0.55 M 
time Run #3 Run #4 
seconds Absorbance 
0 1 • 1 0 1. 08 
1 0 0.98 0.96 
20 0.88 0.87 
30 0.79 0.78 
40 0. 72 0. 71 
50 0.66 0.65 
60 0.60 0.60 
70 0.55 0.55 
80 0.51 0. 51 
90 0.48 0.48 
100 0.45 0.44 
120 0.40 0.40 
140 0.37 0.36 
160 0.34 0.33 
180 0.32 
00 0.26 0.26 
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Appendix I (CONTINUED) 
{ CH3 CN} o = 0.82 11 
time Run #5 Run #6 
seconds Absorbance 
0 1. 00 1.02 
1 0 0.85 0.88 
20 0. 72 0.75 
30 0.60 0.65 
40 0.53 0.58 
50 0.47 0.52 
60 0.42 0.46 
70 0.38 0.42 
80 0.36 0.40 
90 0.34 0.36 
100 0.32 0.35 
110 0.30 0.33 
"' 0.25 0.26 
{CH
3
CN}o = 1 .09 11 
time Run #7 Run #8 
seconds Absorbance 
0 1.00 1 • 01 
10 0.80 0.82 
20 0.66 0.70 
30 0.54 0.58 
40 0.48 0.48 
50 0. 41 0.44 
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Appendix I (CONTINUED) 
time Run #7 Run #8 
seconds Absorbance 
(continued) 
60 0.37 0.39 
70 0.34 0.36 
80 0.32 0.33 
90 0.30 0.31 
100 0.29 0.30 
110 0.28 0.28 
"' 0.25 0.25 
{CH
3
CN} 0 = 1 .37 M 
time Run #9 Run #10 
seconds Absorbance 
0 1.04 1 • 00 
1 0 0.80 0.80 
20 0.63 0.64 
30 0.53 0.53 
40 0. 43 0.46 
50 0.38 0.40 
60 0.34 0.36 
70 0.32 0.34 
80 0.30 0.30 
90 0.28 0.28 
1 00 0.27 0.27 
"' 0.25 0.25 
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Appendix I (CONTINUED) 
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Appendix I (CONTINUED) 
time Run #13 Run #14 
seconds Absorbance 
(continued) 
1 0 0. 91 1.07 
20 0.79 0.94 
30 0.69 0.82 
40 0.62 0. 72 
50 0. 56 0.64 
60 0.51 0.56 
70 0.48 0.53 
80 0.44 0.49 
90 0.42 0.46 
100 0.40 0.43 
120 0.38 0.39 
140 0.36 0.37 
co 0.33 0.33 
{CH
3
CN} 0 = 0.82 M 
time Run #15 Run //16 
seconds Absorbance 
0 1.08 1.08 
10 0.88 0.90 
20 0.74 0. 72 
30 0.63 0.62 
40 0.54 0.55 
50 0.48 0.50 
60 0.44 0.45 
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Appendix I (CONTINUED) 
time Run #15 Run #16 
seconds Absorbance 
(continued) 
70 0. 41 0.42 
80 0.38 0.39 
100 0.36 0.36 
"' 0.32 0.32 
{ CH3 CN} o = 1.09 M 
time Run #17 Run #18 
seconds Absorbance 
0 1.00 1.14 
1 0 0.78 0.88 
20 0. 61 0.69 
30 o.so o. 56 
40 0.44 0.48 
50 0.40 0.44 
60 0.38 0.40 
70 0.36 0.38 
80 0.34 0.36 
90 0.34 
00 0.32 0.32 
{ CH
3
CN} o = 1. 37 M 
time Run #19 Run #20 
seconds Absorbance 
0 0.98 1.08 
10 0.69 0.78 
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Appendix I (CONTINUED) 
time Run #1 9 Run #20 
seconds Absorbance 
(continued) 
20 0.53 0.59 
30 0.44 0.48 
40 0.38 0.42 
50 0.35 0.38 
60 0.34 0.35 
70 0.32 0.34 
80 0.33 
"' 0. 31 0.32 
0 Temperature = 27.2 C 
{ CH
3
CN} 0 = 0.14 M 
time Run #21 Run #22 
seconds Absorbance 
0 1.63 1.68 
20 1.48 1.54 
40 1.34 1.40 
60 1.22 1.30 
80 1 • 11 1.18 
1 00 1 • 01 1 • 08 
120 0.93 1 • DO 
140 0.86 0.92 
160 o. 77 0.86 
180 0.74 0.80 
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Appendix I (CONTINUED) 
time Run #21 Run #22 
seconds Absorbance 
(continued) 
200 0.69 0.75 
220 0.64 0.70 
240 0. 61 0.66 
260 0.58 0.63 
co 0.39 0.40 
{CH
3
CN}o = 0.20 H 
time Run #23 Run #24 
seconds Absorbance 
0 1.52 1 • 66 
1 0 1.44 1.52 
20 1.36 1.42 
30 1.28 1. 33 
40 1 .20 1.25 
50 1.13 1.17 
60 1 • 07 1 • 1 0 
70 1. 01 1 • 03 
80 0.98 0.98 
90 0. 91 0.92 
100 0.86 0.87 
120 0.78 0.78 
140 0. 71 0.70 
160 0.66 0.70 




Appendix I (CONTINUED) 
time Run #23 Run #24 
. seconds Absorbance 
(continued) 
200 0.56 0.56 
250 0.50 0.50 
300 0.45 0.45 
co 0.38 0.38 
{ CH
3 
CN} o = 0.27 M 
time Run #25 Run #26 
seconds Absorbance 
0 1.56 1. 58 
1 0 1.42 1.45 
20 1.30 1.33 
30 1.20 1.24 
40 1.10 1.14 
50 1. 01 1.04 
60 0.94 0.96 
70 0.86 0.90 
80 0.80 0.84 
90 0.75 0.78 
100 0. 71 0.73 
120 0.63 0.65 
140 0.57 0.59 
160 0.52 0.54 
180 0.49 0.50 
200 0.46 0.47 
1 01 
Appendix I (CONTINUED) 




"' 0.37 0.37 
{ CH
3
CN} o = 0. 41 M 
time Run #27 Run #28 
seconds Absorbance 
0 1.34 1.49 
10 1 • 1 9 1 • 30 
20 1 • 07 1.14 
30 0.96 1.12 
40 0.86 0.90 
50 0.78 0. 81 
60 0. 71 0.73 
70 0.66 0.67 
80 0. 61 0. 61 
90 0.57 0.57 
1 00 0.54 0.54 
120 0.48 0.48 
140 0.44 0.44 
160 0.42 0. 41 
"' 0.35 0.35 
Appendix II 
MIXED LOW VALENCE BINUCLEAR COMPLEXES 
Mixed-valence binuclear complexes, like the Creutz-








}5+, are highly solvated in 
polar solvents. This means that the solvent reorganization 
energy is important in intervalence electron transfer. If 
the overall charge of the complex is zero, the complex will 
be soluble in non-polar organic solvents. The solvent reor-
ganization energy term should, therefore, be much smaller. 
It may be possible, then, to obtain. fundamental information 
about the intervalence.electron transfer mechanism in the 
absence of the large solvent reorganization energy factor. 
To achieve overall zero-charged bridged binuclear 
species, a system. comparable to the Creutz-Taube (C-T) ion 
is desired. The C-T ion contains two ruthenium centers with 
a bridging pyrazine ligand. The ruthenium metal is in the 
+2 and +3 oxidation states which correspond to the low spin 
d6 and d5 electronic configurations. Complexes with these 
electronic configurations exhibit .considerable substitution 
stability when coordinated .to a variety of ligands. A 
similar situation should occur for the Group VIB metals where 
d6 /d5 configurations correspond to the M0/M1 oxidation 
states. Systems ultilizing M0/MI (M + Cr, Mo, W), hopefully, 
will lead to robust binuclear molecules. 
Initially complexes of the type 
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lvhere M = Mo, W and 1 




4,4 1 -bipyridine, were 
reported the synthesis 
of the pyrazine bridged species. Problems in the work-up 
were encountered in reproducing the work. 
Jones4 synthesized and characterized a dicyanamide 
bridged complex 
as the tetraethylammonium salt.. Electrochemical results 
were disappointing since oxidation was irreversible. That 
is, the complex decomposed on the. formation of the mixed 
valent state. 
Another ligand besides carbon monoxide was needed to 
stabilize the zero oxidation state. Phosphorus containing 
ligands were chosen since th.ey are more stable toward 
oxidation.5-8 Dicarbonylbis{1,2-bis(diphenylphosphino)-
ethane}molybdenum(O) was considered. The complex was easy 
t . 9 11 t d" d 5- 8 • 10 - 12 T d t o synthes2ze and was we s u 2e • he oxi a ion 
was reversible. 5- 8 Unfortunately the carbonyls were also 
substitution inert. 9 The cis-form was also more stable 
than th~ trans-form. 13 The trans-complex could not be 
isolated. It underwent isomerization to the cis-form upon 
work-up. 13 
Trans-bis{1,2-bis(diphenylphosphino)ethane}bis-
(dinitrogen)molybdenum(O) was then considered. Viable 
synthetic schemes were available and the complex has been 
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well characterized. 14-17 The bis{dinitrogen) complex under-
goes two basic types of reactions: substitution involving 
the loss of dinitrogen18 - 2 4 and reactions on dinitrogen 
which may involve the.loss of the other dinitrogen. 16 • 25-28 
. 16 20 26 Electrochemical results were encourag1ng. • • Oxidation 
is reversible. Chatt23 has studied the electrochemical 
properties of a series of monosubstituted derivatives. 
It was desired to synthesize the complex 
as the tetraethylammonium salt and then attempt to generate 
the mixed-valence species. It was also hoped that it would 
be possible to synthes.ize a series of complexes in which the 
ligand trans to the dicyanamide bridge is varied. These 
complexes would.enable us to study the effect of ligand 
substitution on the electron transfer rate. 
EXPERIMENTAL 
Various synthetic procedures have .been published for 
the bis(dinitrogen) complex. 14-17 The one-step procedure 
17 by George appeared to .be the most straight forward. 
Initially, the procedure worked. Eventually, it stopped 
working and I was unable to det.ermine why. Percautions were 
taken to purify all the reagents; to exclude air and water; 
and to reproduce the previous work. The reagents and methods 
used are listed below: 
thf: Aldrich, gold label; :rredried over CaH2 then refluxed over and distilled from sodium 
benzophenone under nitrogen. 
benzene or toluene: Mallinkrodt, reagent; refluxed 
over and distilled from sodium benzophenone 
under nitrogen. 
methanol: Reagent; refluxed over and distilled from 
magnesium methoxide under nitrogen. 
1 05 
molybdenum(V). chloride: Aldrich; sublimed under vaccum31 
with heating to remove molybdenum oxide tetra-
chloride. 
dppe: Aldrich; recrystallized from benzene/methanol and 
dried under vacuum. 
Na/Hg: Surface of Na .vas removed and then Na was added 
to the mercury while in a glove bag under nitrogen 
atmosphere. 
nitrogen: Prepurified nitrogen was used after passing 
through a heated drying line containing activated 
catalyst R3-11 (Chemalog) •. 
filtration: Celite was used initially. It was heated 
while under vacuum and then vented with nitrogen. 
It was stored under nitrogen until needed. Once 
the glove bag was set up for suction filtration, 
Whatman glass-fibre filter paper (GF/B) was used. 
Filters were purged with nitrogen before using. 
Monosubstituted derivatives of the bis(dinitrogen) 
complex have been reported. 21 - 23 These include Mo(N2 )1(dppe) 2 
( ) ( ) - 22 21 - -and Mo N2 X dppe 2 where 1 = CO, NCR, and X = SCN , CN , 
and N
3
-. 23 Synthesis of Mo(N2 )1(dppe) 2 where 1 = Ph3P and 
isn were attempted. The basic procedure of Chatt and co-
workers23 was followed. 
thf; N2 
stir at ambi.ent temperature, 15 h 
add hexane or toluene to precipitate 




seemed to indicate tHat. substitution had occurred but 
elemental. anal.ysis indica ted a mixture of products. 
Decomposition may be.a problem since the complexes are air-
sensitive. Chatt23 reports that the anionic derivatives are 
very air-sensitive. 
The synthesis of the dicyanamide substituted complex 
was also attempted using the above procedure. Tetraethyl-
ammonium perchlorate was added to precipitate out the 
complex. IR seemed to indicate that substitution had 
occurred. 
The DCA-substituted complex was used in the attempt 
to synthesize the bridged binuclear complex. 
thf; N 2 
stir overnight at ambient 
temperature 
add hexane to precipitate 
{{(dppe) 2 (N2 )Mo} 2DCA}{NEt 4
J 
yellow-brown solid 
Initial IR and CV results seemed to indicate that the 
bridged species had been synthesized. Unfortunately, 
elemental analysis results were )!lor. 
The bridged binuclear species seems to be unstable in 
solution at room temperature. A sample of the DCA-bridged 
binuclear complex was lost when trying to obtain CV scans 
on a warm day. 
Other tests indicate that the bridged complex can be 
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made. The bis(dinitrogen) complex was dissolved in degassed 
thf containing 0.2 M tetrabutylammonium tetrafluoroborate. 
Sodium dicyanamide was added. and the reaction followed on the 
cv. 0 Scans were taken at 0 C. Inbetween scans the cell 
was allowed to warm up to room temperature. 
Initially one has the.CV scan for the bis(dinitrogen) 
complex. After the addition of NaDCA,. the CV scan shows a 
shift in peak potential. As time :fE.SSes, a two hump 
reversible CV scan appears. This disappears after the cell 
has warmed up to room temperature.. The shift in peak 
poetential seems to indicate the formation of the 
Mo(N2 )DCA(dppe) 2- complex. The tvlo hump scan should then be 
the bridged binculear species. 
SUMMARY 
Initial results seem to justify our choice of 
Mo(N2 )2 (dppe) 2 as the base for bridged binuclear complexes. 
Unfortunately the lack of success in preparing the bis-
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